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 Investigate reﬁneries with various complexities and operational ﬂexibilities.
 Categorize reﬁneries into three groups by crude density and heavy products yield.
 Estimate GHG emissions cost to produce more of the desirable fuels.
 Complex reﬁneries can process heavier crude into more gasoline and distillate.
 Complex reﬁneries are more resource efﬁcient, but more energy and GHG intensive.a r t i c l e i n f o
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Greenhouse gas emissionsa b s t r a c t
Because of increasing environmental and energy security concerns, a detailed understanding of energy
efﬁciency and greenhouse gas (GHG) emissions in the petroleum reﬁning industry is critical for fair
and equitable energy and environmental policies. To date, this has proved challenging due in part to
the complex nature and variability within reﬁneries. In an effort to simplify energy and emissions reﬁn-
ery analysis, we delineated LP modeling results from 60 large reﬁneries from the US and EU into broad
categories based on crude density (API gravity) and heavy product (HP) yields. Product-speciﬁc efﬁcien-
cies and process fuel shares derived from this study were incorporated in Argonne National Laboratory’s
GREET life-cycle model, along with regional upstream GHG intensities of crude, natural gas and electricity
speciﬁc to the US and EU regions. The modeling results suggest that reﬁneries that process relatively
heavier crude inputs and have lower yields of HPs generally have lower energy efﬁciencies and higher
GHG emissions than reﬁneries that run lighter crudes with lower yields of HPs. The former types of
reﬁneries tend to utilize energy-intensive units which are signiﬁcant consumers of utilities (heat and
electricity) and hydrogen. Among the three groups of reﬁneries studied, the major difference in the
energy intensities is due to the amount of purchased natural gas for utilities and hydrogen, while the
sum of reﬁnery feed inputs are generally constant. These results highlight the GHG emissions cost a reﬁ-
ner pays to process deep into the barrel to produce more of the desirable fuels with low carbon to hydro-
gen ratio.
 2015 Argonne National Laboratory. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Increasing concerns with the consequences of climate change
turns scrutiny towards the source and efﬁciency of energy produc-
tion and consumption. Within this context, petroleum is a major
source of global energy demand and a primary component of
transportation fuels. In 2011, petroleum accounted for 34% ofglobal energy consumption and 36% of global greenhouse gas
(GHG) emissions [1], while the transportation sector in the US
and the EU consumed 71% and 62% of total petroleum products,
respectively, as shown in Fig. S1 [2,3].
Regulations are being developed in the US and EU to reduce pet-
roleum consumption, encourage use of alternative fuels and pro-
mote energy efﬁciency. In the US, the Renewable Fuel Standard
(RFS) mandates the production of 36 billion gallons of renewable
fuels with various GHG emissions reduction thresholds relative
to conventional gasoline and diesel [4]. California implemented
the Low Carbon Fuel Standard (LCFS) in 2009 to reduce the GHG
intensity of transportation fuels [5]. The Renewable Energy
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consumption to be produced from renewable sources by 2020
[6]. The production of energy from these renewable sources must
achieve a minimum 35% reduction in life-cycle GHG emissions
against conventional, petroleum-derived baseline fuels, with the
threshold being elevated to 50% in 2018 [7].
Notably, all of these regulations require a reliable estimation of
life-cycle GHG emissions of alternative transportation fuels,
including petroleum-derived gasoline and diesel baseline fuels.
Among the major stages in the life-cycle of a petroleum fuel (crude
recovery, transportation, reﬁning and fuel transportation, dis-
tribution and combustion), the largest GHG emissions source is
fuel combustion, which can be accurately estimated from the car-
bon content of the fuel. The next largest GHG emissions source for
desirable fuels (e.g., gasoline, diesel and jet) is the petroleum reﬁn-
ing stage. Oil reﬁneries process a slate of crude oils of different
qualities into multiple fuel products for various applications. In
order to accurately estimate variations in petroleum reﬁnery efﬁ-
ciency and GHG emissions, reliable information relating to overall
energy inputs and outputs is required for different crude types,
reﬁnery conﬁgurations and product outputs. In addition, energy
inputs and GHG emissions at the reﬁnery level need to be allocated
systematically among petroleum products in order to develop
accurate product-speciﬁc GHG emissions intensities.
Both crude quality and ﬁnal production speciﬁcation are key
drivers for reﬁnery conﬁguration, operations and ultimately, reﬁn-
ing energy efﬁciency. For example, historically, crude inputs into
US reﬁneries have typically been heavier (average API gravity of
30–32) than EU reﬁneries (average API gravity of 36–37) [1,8].
In the former case, because crude inputs are heavier, more inten-
sive processing is required to produce gasoline and distillate. In
terms of market demands, non-transportation fuel oil demands
in the US (Fig. S1) are smaller than in the EU. Consequently, US
reﬁneries produce a smaller share of residual fuel oil (RFO) than
EU reﬁneries do, and thus are considered to be more resource efﬁ-
cient. Since gasoline and diesel require signiﬁcantly more process-
ing than heavy products, US reﬁneries in general are more complex
and energy-intensive than EU reﬁneries. On this basis, it is unsur-
prising that US reﬁneries have larger deep conversion units such as
cokers and ﬂuidized catalytic crackers (FCC) relative to other
regions (Fig. S3). These process units are instrumental in
converting heavy reﬁnery intermediate streams into gasoline and
diesel and are typically energy-intensive; hence their impacts on
reﬁning efﬁciency and life-cycle analysis GHG emissions can be
substantial [9].
Other studies have examined product-speciﬁc efﬁciencies and
GHG intensities of reﬁned products and there is a wide variation
in the potential emissions due to differences in modeling metho-
dology and input data. Furuholt used data of eight general reﬁning
processes in Norwegian reﬁneries to allocate reﬁning energy use
and emissions to gasoline and diesel [10]. Similarly, Wang et al.
used a detailed process-level approach for a notional reﬁnery and
demonstrated the difference between various allocation metrics
(energy, market-value and mass) [11]. Recently, Elgowainy and
Forman et al. used a reﬁnery Linear Programming (LP) model to
simulate operation of 43 large US reﬁneries in order to estimate
life-cycle GHG emissions of major petroleum products such as
gasoline, diesel and jet fuels [9,12]. By covering 70% of the total
US reﬁning capacity, they: (1) developed a correlation between
the overall efﬁciency of US reﬁneries and the corresponding crude
quality, reﬁnery complexity and product slate; (2) provided aver-
age and variations of product-speciﬁc efﬁciency and process fuel
shares for each reﬁned product; and (3) examined the possible
impacts relating to changing crude slates, regional and seasonal
variation, changing gasoline-to-diesel (G/D) ratios and Gas to
Liquid (GTL) diesel blending on reﬁnery and product-speciﬁcefﬁciencies. A recent well-to-wheels study by the Joint Research
Centre (JRC) of the European Commission evaluated energy and
GHG emissions performance associated with various automotive
fuels and powertrains, including petroleum gasoline and diesel.
By considering a marginal approach (future reduction in gasoline
and diesel demand), JRC concluded that marginal diesel in the EU
is more energy- and GHG emission-intensive than marginal gaso-
line [13]. Other authors have performed individual reﬁnery analy-
ses and incorporated these results into life-cycle analysis (LCA) for
multiple notional reﬁnery conﬁgurations [14–18].
These studies only focused on a speciﬁc region or conﬁgurations
and considered only a limited range of crude quality and product
slates, which is not sufﬁcient to fully understand the complex
interaction between crude quality, reﬁnery conﬁguration and yield
of gasoline and distillate on one hand, and the consequent life-
cycle GHG emissions on the other hand. These disparities between
previous studies suggest a need to use a large pool of reﬁnery data
to potentially simplify general understanding of reﬁnery GHG
emissions. Noting the impact of key reﬁnery metrics such as API
gravity and heavy product (HP) yield (e.g., RFO, pet coke and
asphalt) could have on reﬁnery efﬁciency and GHG emissions, we
analyzed results from LP modeling of 17 large EU reﬁneries in addi-
tion to recently reported 43 US reﬁneries [9,12] and grouped them
according to their crude API gravity and HP yields. Note that these
two parameters (API gravity and HP yield) were recently identiﬁed
by Elgowainy et al. [12] as the key parameters that determine a US
reﬁnery’s overall energy efﬁciency [9,12]. In this study, API gravity
and HP are used to represent resource efﬁciency. By analyzing data
at the sub-process level in these 60 reﬁneries, this study correlates
the crude API gravity and HP yields of different groups of reﬁneries
with the product-speciﬁc energy efﬁciency for each reﬁnery pro-
duct and presents previously unavailable life-cycle impacts of
reﬁnery resource efﬁciency on product-speciﬁc and reﬁnery-level
GHG emissions. The life-cycle analysis of petroleum fuels from
various reﬁneries was facilitated using Argonne National
Laboratory’s Greenhouse gases, Regulated Emissions, and Energy
use in Transportation (GREET™) model [19]. The GHG emissions
calculation combines carbon dioxide, methane and nitrous oxide
with their global warming potentials, which are 1, 25 and 298,
respectively, as recommended by the latest Intergovernmental
Panel on Climate Change for a 100-year time horizon [20].2. Reﬁnery modeling and analysis approach
In the current study, reﬁnery LP modeling was employed to
simulate and compare the operations of 43 US and 17 EU reﬁneries
with individual processing capacity of over 100,000 bbl/day crude
oil. Note that although the 17 EU reﬁneries account for only 25% of
the total EU reﬁning capacity, their operational characteristics
appear to be quite consistent with aggregate average EU reﬁnery
operations (see Table S1).
The selected US reﬁneries were located in Petroleum
Administration for Defense Districts (PADDs) 1, 2, 3 and 5, while
the selected EU reﬁneries were located in the coastal regions of
Europe. Reﬁnery LP models typically maximize proﬁt by determin-
ing the optimal volumetric throughput and utility balance among
various process units within a reﬁnery under speciﬁc market and
operation conditions [21]. The output ﬁles from LP model sim-
ulations contain volumetric and mass ﬂow rates associated with
inputs and outputs of process units. Using this information, energy
inputs and outputs can be calculated by using known heating val-
ues of various stream components.
In this study, we grouped the U.S and EU reﬁneries described
above into three different groups according to their average crude
API gravity and HP yield. As shown in Fig. 1, reﬁneries were
Fig. 1. Crude API gravity and heavy product yield of the studied US and EU
reﬁneries (The yield of heavy products, such as residual fuel oil, pet coke, asphalt,
slurry oil and reduced crude, is calculated as a share of all energy products by
energy value).
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ity < 29), (2) High API/Low HP (API gravity > 29 and HP < 0.22)
and (3) High API/High HP (API gravity > 29 and HP > 0.22).
Table S2 also shows the operational characteristics of reﬁneries
in each reﬁnery group. Note the almost no overlaps in the key
parameters between the Low API and High API/High HP group.
Among the two High API groups, the Low HP group is clearly more
resource-efﬁcient than the High HP group. It also needs to be noted
that assigning reﬁneries to any of the three reﬁnery groups is not
intended to provide a statistical or physical classiﬁcation among
reﬁneries; rather it is intended to examine the impacts of resource
and energy efﬁciencies on life-cycle GHG emissions. Within each
reﬁnery group, three major metrics were evaluated for each reﬁn-
ery: overall reﬁnery efﬁciency, product-speciﬁc reﬁning efﬁciency
and life-cycle GHG emissions intensity. Based on the volumetric
amounts of reﬁnery inputs and outputs, and purchased electricity
energy estimated by the LP modeling, the overall reﬁnery
efﬁciency was estimated by dividing the total energy output by
the total energy input on a lower heating value (LHV) basis
(see Eq. (1)).gLHV ¼
P
nðPn  LHVnÞP
mðCm  LHVmÞ þ
P
0ðOIo  LHVoÞ þ NGpurchased;LHV þ H2;purchased;LHV þ Electricitypurchased
ð1Þwhere gLHV is the LHV-based overall efﬁciency of a reﬁnery. Pn, Cm
and OIoare the amounts of reﬁning product n (e.g., gasoline, jet fuel,
diesel, liqueﬁed petroleum gas [LPG], RFO, pet coke), crude input
m, and other input material o (e.g., normal butane, iso-butane,
reformate, alkylate and natural gasoline) in barrels for liquid prod-
ucts and tons for pet coke, respectively. NGpurchased;LHV and
H2;purchased;LHV are the LHV-based energy of purchased natural gas
(NG) and purchased H2, respectively. Electricitypurchased is the energy
in purchased electricity. LHVm, LHVn, and LHVo are the LHVs of
crude input m, reﬁned product n, and other input material o,
respectively, in MJ/barrel for liquid products and MJ/ton for pet
coke.
In order to calculate the GHG emissions intensity for each
reﬁned product, the product-speciﬁc efﬁciency and process fuel
shares need to be determined. This determination is essential as
each product pool is supplied from a different set of process units,
each with different energy and emissions burdens (see Fig. S2).Since reﬁnery inputs propagate through individual process units
to ﬁnal products via intermediate products, each intermediate or
ﬁnal product carries with it certain energy and emissions burdens
of the total reﬁnery inputs, such as crude, natural gas, electricity,
etc. [12].
The ratio of the sum of energy burdens of a particular product to
its energy content is deﬁned as the energy intensity of that pro-
duct. Note that the inverse of energy intensity of a product repre-
sents its product-speciﬁc efﬁciency. In the current study, a process-
based energy allocation was employed, which was reported in
Elgowainy et al. [12].
LCA of petroleum products accounts for energy use and emis-
sions associated with all stages in the fuel cycle, including crude
recovery and transportation, fuel production, transportation, dis-
tribution and combustion of the fuel by end-use application
[9,12]. Furthermore, allocation of energy use and emissions bur-
dens among co-products was performed by utilizing product-
speciﬁc efﬁciencies and process fuel shares [9,12]. This protocol
was followed along each stage of the product life-cycle. Key
parameters for upstream energy efﬁciencies and emissions associ-
ated with recovery, processing and transportation of various crude
inputs, NG and electricity generation are presented in Table S4, as
well as the references of the parameters. Crude oil, NG, and elec-
tricity generation mixes for US reﬁneries are based on 2010 data
to match reﬁnery LP modeling data inputs. The EU parameters in
Table S4 are based on data reported by JRC and Eurostat of the
European Commission [3,13]. GREET was populated with these
US and EU parameters (Table S4) to compare life-cycle energy
and GHG intensities of petroleum products from US and EU
reﬁneries.
A notable difference between US and EU crude recovery GHG
emissions estimates is the magnitude of associated methane
(CH4) emissions. This is attributed to the difference in methodolo-
gies used to estimate CH4 emissions. For the US, the GREET model
estimates CH4 emissions based on the ﬂaring emissions from satel-
lite data using a 5:1 ratio of ﬂared to vented associated gas [22]. On
the other hand, the JRC study relies on a report by the International
Association of Oil and Gas Producers (OGP), which collected emis-
sions data from OGP members [23]. Another key difference is the
share of oil sands in crude feed to US reﬁneries since GHG intensi-ties of oil sands crude are typically higher compared to conven-
tional crude (see Fig. S4). Electricity GHG intensity is decided
primarily by the electricity generation mix. Compared to the US,
the GHG emission intensity of EU-generated electricity is signiﬁ-
cantly lower, mostly due to the lower share of coal power genera-
tion and higher share of nuclear and renewable power generation
in the EU mix. GHG emission factors for fuel combustion are fairly
consistent between the US and EU, except for diesel. This differ-
ence is due to the lower carbon content (on a mass basis) of EU die-
sel compared to US diesel (Table S5).
3. Results
3.1. Overall reﬁnery efﬁciency
Fig. 1 presents the grouping of US and EU reﬁneries using the
parametric assumptions described above. HP yields and crude
input API gravity are plotted to show their relevance in
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unﬁlled shapes represent EU reﬁneries. These results show that
almost all Low API and High API/Low HP reﬁneries are present
within the US, rather than the EU Conversely, almost all EU reﬁner-
ies form part of the High API/High HP group. For all subsequent
results, comparing the Low API group with the High API/Low HP
highlights the impact of crude API gravity, while comparing the
High API/Low HP group with the High API/High HP group highlights
the impact of heavy product yield.
Fig. 2 illustrates the overall reﬁnery efﬁciency in each of the
three reﬁnery groups. The bottom, mid and top of the boxes in
Fig. 2 represent the 25th percentile, production-weighted average
and 75th percentile, respectively, while the ends of the error bars
represent the 10th and 90th percentiles. These results suggest
strong impacts of API gravity and HP yield on overall reﬁnery efﬁ-
ciency. This can be rationalized by the installed capacity (MJ
throughput/MJ crude inputs) of deep conversion units, such as cok-
ers and catalytic crackers, in each group (see Table S3). The Low API
group has a much larger installed capacity of deep conversion units
then the other groups. On the other hand, the High API/High HP
group has a negligible capacity of cokers and hydrocrackers.
These conversion units are more energy-intensive than other pro-
cess units within reﬁneries, and thus consume signiﬁcant amount
of utilities (heat and electricity) and hydrogen.
Hydrogen is highly GHG-intensive, depending on the source.
Thus, the amount and source of hydrogen consumption are key
LCA parameters. Fig. 3 illustrates that on a MJ/MJ crude basis, the
total hydrogen consumption decreases signiﬁcantly as API gravityFig. 2. Overall reﬁnery efﬁciency.
Fig. 3. Hydrogen consumption in kJ of hydrogen/MJ crude (Each box represent the
hydrogen from each source. ‘‘Purchase’’ refers to hydrogen produced outside of the
gate of the reﬁnery, typically external steam methane reformers [SMR]) while
‘‘SMR’’ refers to internal production of H2 through SMR of NG within the reﬁnery.
‘‘Reformer’’ refers to H2 from catalytic reformers).and HP increase. As discussed above, Low API reﬁneries have much
larger hydrocrackers (HYK), one of the largest consumers of hydro-
gen in reﬁneries [12]. Removal of crude sulfur content also con-
sumes a large amount of hydrogen. Table S2 shows that average
crude sulfur content decreases monotonically from Low API to
High API reﬁneries, which drives the reduction in hydrogen con-
sumption. Hydrogen demand in the High API/High HP group of
reﬁneries is reduced further because the sulfur removal require-
ment via hydroprocessing in HP is low relative to gasoline and
distillate.
Fig. 3 also shows that the amount of hydrogen from SMR
decreases signiﬁcantly as API gravity and HP yield increase. A con-
sequence of this lower share of hydrogen from the SMR results in a
higher overall energy efﬁciency for the High API/High HP reﬁnery
group because hydrogen consumption via SMR is relatively inefﬁ-
cient (70% efﬁciency) compared to other reﬁnery units, resulting
in signiﬁcant energy burdens for products of hydrocracking and
hydrotreating units. Hydrogen is also a co-product of catalytic
reforming, which produces high-octane reformate that contributes
to the gasoline pool. Thus, hydrogen originating from catalytic
reformers has a signiﬁcantly lower energy burden relative to
hydrogen produced from the SMR.
3.2. Product-speciﬁc efﬁciency
Fig. 4 shows the calculated average and variation of product-
speciﬁc efﬁciencies for each group of reﬁneries using the energy
allocation method. The product-speciﬁc efﬁciency for all products
in the High API/High HP group are consistently higher than the
other two reﬁnery groups, mainly due to more favorable crude
quality, higher HP yields and lower complexity. These results are
consistent with those recently reported by Elgowainy et al. [12],
which showed (1) among reﬁnery products, gasoline has the low-
est efﬁciency, (2) RFO has the highest efﬁciency, and (3) diesel can
display a wide range of efﬁciencies. In the latter case, Forman et al.
[9] showed that tighter regulation of aromatics in CARB diesel
combined with reﬁneries that utilize multiple inefﬁcient units via
deep-conversion pathways can result in relatively low diesel efﬁ-
ciency. Although noted only for California reﬁneries, its impact
can exacerbate the already wide range of diesel efﬁciencies in
reﬁneries outside California [9], in general due to the relatively
inefﬁcient diesel reﬁning pathways. Interestingly, HP yield has a
much larger impact on the reﬁning efﬁciency of RFO compared to
the impact of API gravity. The lower reﬁning efﬁciency of RFO with
lower HP yield is likely due to the larger share of HP components
from downstream processes (e.g., HYK and coker), which carry lar-
ger energy and emission burdens.
It is important to note that the estimation of product-speciﬁc
efﬁciencies (as well as energy intensities) depends on allocation
approaches. As mentioned earlier, a marginal approach employed
in the JRC study results in a lower reﬁning efﬁciency (or higher
energy intensity) of diesel than of gasoline in the EU reﬁneries
because the EU reﬁneries operate at the diesel limit, while the US
reﬁneries operate at the gasoline limit. In this study, on the other
hand, an attributional approach is applied where process energy
in each process unit is allocated to its products based on the prod-
ucts’ energy content. One could argue that, on the other hand, a
market-value-based allocation could in principle be more consis-
tent with the LP modeling approach since reﬁneries operate to
maximize proﬁt rather than energy efﬁciency. Elgowainy et al.
(2014) compared the product-speciﬁc efﬁciencies by a market-
value-based allocation with those by an energy-based allocation,
and observed no statistically signiﬁcant differences between them
for all reﬁned products (except for coke). This study also conducted
a process level market-value allocation, and found a similar trend
as shown in Fig. S5.
Fig. 5. Energy intensities of gasoline, diesel and residual fuel oil in each group of reﬁneries.
Fig. 4. Product-speciﬁc efﬁciency of gasoline, diesel and residual fuel oil in each group of reﬁneries (diesel does not include kerosene).
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for each group. Each bar denotes the contribution of each input
into the particular petroleum product. The energy intensity of a
given product is simply the aggregation of energy burdens (allo-
cated at the processing unit level) along the pathways that lead
to that product pool. The derivatives of crude and purchased HP,
as well as purchase butane and purchased blendstocks, comprise
the product pool. For example, HP, purchased in the form of heavy
gas oil or vacuum gas oil as a feed for the FCC, is processed into the
components of gasoline, distillate and residual oil, while purchased
butane and other blendstocks, such as reformate, alkylate and iso-
merate, are blended directly into the gasoline pool. Therefore, we
noticed that the sum of crude inputs—purchased HP, purchased
butane and blendstocks—are generally consistent, although the
compositions of the individual product pools are different. The dif-
ferent inputs that contribute to the individual product pools are
likely driven by the reﬁnery complexity and installed capacity of
process units and determined through reﬁnery optimization. For
example, the relatively smaller FCC reﬁning capacities in the High
API/High HP group result in a smaller contribution from purchased
HP relative to other groups throughout all products (see Table S3).
Notably, the FCC capacities in the Low API and High API/Low HP
reﬁnery groups are similar, affording similar contributions of pur-
chased HP in each reﬁnery group.
Consistent with the discussion above related to hydrogen con-
sumption, higher product-speciﬁc efﬁciencies and lower energy
intensities are observed in the High API/High HP reﬁnery groups,
mainly due to the smaller consumption of purchased NG. Inparticular, relative to other reﬁnery groups, diesel-associated NG
consumption is signiﬁcantly lower in the High API/High HP group.
This can be rationalized by diesel production processes requiring
hydrogen that is mainly derived from catalytic reforming rather
than NG SMR in the High API/High HP group.
3.3. Life-cycle GHG emissions
Fig. 6 and Table S6 show the life-cycle GHG emissions of various
petroleum products for each reﬁnery group, as well as the overall
GHG emissions, which combine the GHG emissions from all reﬁn-
ery products weighted by their energy values. Although fuel com-
bustion accounts for a large portion of the life-cycle GHG emissions
for all products, the emissions from the combustion phase are dif-
ferent for each product due to its carbon content (i.e., grams of car-
bon per MJ in fuel). In general, RFO has higher carbon content
compared to diesel, which has higher carbon content than gasoline.
Despite this, the major difference in life-cycle GHG emissions
among each reﬁnery group is driven mainly by the reﬁning stage
emissions. In general, High API/High HP reﬁneries emit a smaller
amount of GHGs during the reﬁning stage compared to reﬁneries
with low API gravity and low HP yield. Most of the reﬁneries in this
former group are located in the EU. For example, the difference in
the reﬁning GHG emissions between the High API/High HP and the
High API/Low HP groups, mainly driven by HP yields, are 2.4, 2.5, 2.5
and 3.6 g CO2e/MJ for gasoline, diesel, RFO and overall (i.e., aggre-
gate of all) petroleum products, respectively. Moreover, the differ-
ence in the reﬁning GHG emissions between the High API/Low HP
Fig. 6. Life-cycle GHG emissions of gasoline, diesel, and residual fuel oil, as well as overall petroleum products for each group of reﬁneries.
J. Han et al. / Fuel 157 (2015) 292–298 297and Low API groups, mainly driven by API gravity, are 1.6, 2.1, 0.5
and 1.2 g CO2e/MJ for gasoline, diesel, RFO and overall petroleum
products, respectively.
API gravity and HP yield appear to impact the direct and indi-
rect reﬁning GHG emissions of each product to different extents.
For gasoline and diesel, API gravity inﬂuences direct reﬁning emis-
sions because API gravity directly affects the intensity of internal
reﬁnery processing for a given HP yield. Meanwhile, the inﬂuence
of HP yield on indirect reﬁning emissions associated with gasoline
and diesel production is also signiﬁcant. In this context, reﬁneries
with deep conversion units (such as coker, FCC and HYK) have a
greater demand for purchased heavy products (see Fig. 5). HP yield
also inﬂuences the direct emissions of diesel reﬁning through
hydrogen consumption, as discussed above. As shown in Fig. 3,
the total hydrogen consumption decreases signiﬁcantly with high
HP yield.
Some of the life cycle impacts discussed above are attributed to
differences in region and fuel speciﬁcations. For example, because
of the large share of EU diesel in the High API/High HP group, com-
bustion GHG emissions of diesel are about 1.5 g CO2e/MJ lower
than in other groups (because of the lower carbon content of EU
diesel compared to US diesel), while those for gasoline and RFO
are consistent among the three reﬁnery groups. A consequence of
the relatively large share of EU reﬁneries in the High API/High HP
group is the lower GHG emissions in crude recovery for all prod-
ucts. Note that in this study, it is assumed that the crude input into
EU reﬁneries is less GHG-intensive by about 1.8 g CO2e/MJ com-
pared to US reﬁneries. As mentioned earlier, these differences are
primarily due to higher associated methane emissions estimates
for US crude and the contribution of oil sands to crude utilized in
US reﬁneries. The difference in associated methane emissions
estimates results partly from the difference in estimation methods
rather than physical differences, which warrants further
investigation.4. Discussion and conclusions
This study combined comprehensive LP modeling data, unit-
wide energy analysis and allocation, and a reﬁnery categorization
framework to derive fundamental information of reﬁnery energy
consumption. We analyzed the LP results of selected 43 US and
17 EU reﬁneries with various operational characteristics (e.g., API
gravity, HP, sulfur contents and complexity index), and categorized
them into three groups (Low API, High API/Low HP and High API/
High HP). The results of this study show that reﬁneries that process
heavier crudes and process deep into the barrel to produce loweryields of heavy products have lower energy efﬁciencies and higher
GHG emissions compared to reﬁneries that process lighter crudes
and produce higher yields of heavy products. The reﬁning energy
intensities (the inverse of energy efﬁciencies) of gasoline and diesel
in the Low API group are 22 and 26 kJ/MJ higher compared to the
High API/Low HP group, mainly owning to API gravity. Moreover,
the reﬁning energy intensities of gasoline and diesel in the High
API/Low HP group are 14 and 26 kJ/MJ higher than the High API/
High HP group, mainly owning to HP yields. Consequently, the
GHG emissions of gasoline and diesel in the Low API group are
1.7 and 3.1 g CO2e/MJ higher compared to those in the High API/
Low HP group and the GHG emissions of gasoline and diesel in
the High API/Low HP group are 3.1 and 5.2 g CO2e/MJ higher com-
pared to those in the High API/High HP group. The higher energy
intensity and higher GHG emissions described above are attributed
to the larger energy-intensive process units (e.g., FCC, cokers and
HYK) used in the more complex reﬁneries. These types of reﬁneries
tend to use energy-intensive units, which are signiﬁcant con-
sumers of utilities (heat and electricity) and hydrogen. Between
the three groups of reﬁneries described here, the major difference
in the energy intensity is the amount of purchased natural gas for
utilities and hydrogen production, while the sum of feed reﬁnery
inputs are generally constant. Thus, in principle, GHG intensive
reﬁneries have the capacity to reduce life-cycle GHG emissions if
process fuels can be derived from renewable sources (e.g., renew-
able natural gas from anaerobic digestion of organic waste) instead
of fossil-fuel based natural gas, even though supplying a noticeable
amount of renewable process fuels to reﬁneries is challenging and
may affect the economics of reﬁneries adversely.
Systematic disaggregation of GHG emissions by each fuel-cycle
stage revealed the impacts of technical variations in reﬁneries in
the reﬁning life-cycle stage. Reﬁneries with higher resource efﬁ-
ciency tend to process heavier crude and yield more of the gasoline
and distillate, but are generally less energy-efﬁcient and produce
more GHG emissions compared to reﬁneries with higher HP yield,
i.e., less resource-efﬁcient.
Although the results of this study are limited to assessment of
the investigated group of reﬁneries, this work has shown that by
grouping reﬁneries into different groups it is possible to simplify
the understanding of reﬁnery energy and GHG intensities. These
results highlight the GHG emissions cost a reﬁner pays to process
deep into the barrel to produce more of the desired fuels (gasoline
and distillate). Within the context of possible future policy scenar-
ios, these results would likely be very different if reﬁners opti-
mized for GHG emissions in addition to proﬁt. Despite this, it is
clear that even if a reﬁner produced more HP for export at the
expense of gasoline and distillate, these HP (with higher carbon
298 J. Han et al. / Fuel 157 (2015) 292–298content) will ultimately be consumed in the wider economy, pro-
ducing additional GHG emissions. Further work can complement
this study to better understand the environmental implications
of crude sourcing and reﬁnery yields in various markets.
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